The luminescence quenching of Er in crystalline Si at temperatures between 77 and 300 K is investigated. Samples were prepared by solid-phase epitaxy of Er-implanted 
I. INTRODUCTION The optical behavior of rare-earth atoms in semiconductors is a field of current interest in view of the potential applications to optoelectronic devices. ' Rare-earth ions in their 3+state show luminescence from intra-4f-shell transitions the wavelength of which is almost independent of the host matrix. Er + ions produce light emission from the I,3/2~I]5/2 transition at around 1.54 pm, which is a particularly interesting wavelength since it falls in a window of maximum transmission for optical fibers. Silicon is the semiconductor with the most mature processing technology, but light emission from this material is hampered by its indirect-energy gap. The introduction of Er ions in silicon has therefore been recognized as a promising and interesting approach to obtain electrically induced light emission from this important material.
Extensive studies have been performed on the Si:Er system both from theoretical and experimental points of view, and several major problems limiting the Er luminescence in silicon have been solved. For instance, using nonequilibrium solid-phase epitaxy it has been demonstrated that it is possible to obtain Er incorporation in Si at concentrations as high as 1 X 10 /cm (Refs. 8, 9, and 15) without the formation of precipitates.
Furthermore, evidence has been found for a strong interaction between oxygen and the implanted Er. ' Oxygen coimplantation also enhances both the Er luminescence intensity in Si (Refs. 3, 9, and 11) and the Er donor concentration, which is found to increase by several orders of magnitude. ' ' These similarities suggest that electrical and optical activations of Er in Si are correlated, i.e. , the Er donor behavior might be associated with the optically active Er + state.
In spite of the large amount of experimental data, the strong temperature dependence of the luminescence, ' resulting in a decrease as large as three orders of magnitude on going from 77 to 300 ' ' and, as Therefore, in spite of the fact that at 77 K the luminescence intensity is almost similar in the two cases, for higher temperatures, a much higher intensity is observed for the 0-doped sample than for the undoped one. In fact, room-temperature luminescence is observed in this sample. This is shown in Fig. 2 Fig. 3 for the 0-doped sample and for a fixed pump power of 200 mW. The PL intensities are normalized to the initial value after the pump pulse was shut off at t=O.
At each temperature the time decay is characterized by an initial fast decay (r-100 psec) followed by a slow decay (r-900 @sec). As the temperature is increased the contribution of the fast-decay component increases in magnitude. Eventually at 180 K the PL decay is nearly entirely determined by the fast component.
Previous studies have shown that the dependence of the PL intensity on the pump power at a fixed temperature provides important information about the Er excitation process. Here we have also performed PL intensity measurements in combination with time-decay measurements also as a function of pump power. As an example, in Fig. 4 the PL decay for the 0-doped sample is shown at a fixed temperature of 77 K and at different pump powers. All decay curves are normalized to the intensity at t=O. Again, the decay curves are characterized by fast and slow components. Interestingly, the time evolution of the PL intensity, after the excitation pulse is turned Fig. 6 (a) for both undoped (closed symbols) and 0-doped samples (open symbols). As a comparison the temperature dependence of the lifetime for both samples and for the two different components is reported in Fig.  6(b) . The PL intensity of the slow-decaying component [circles in Fig. 6(a) Fig. 6(b) ] is identical in both samples, but its decrease on going from 77 to 200 K is only by a factor of 3 (from 900 to 300 psec). The strong decrease in intensity shown in Fig. 6(a) for the slow component, therefore, cannot be explained by a change in the lifetime.
The PL intensity of the fast-decaying component [triangles in Fig. 6(a) ] also decreases with increasing temperature. However, its decrease is more gentle and, in contrast to the slow-decay component, is different for the two samples. In fact, while in the undoped sample the yield decreases by about a factor of 8 on going from 77 to 200 K, in the 0-doped one the decrease is only by a factor of 3. The lifetime of the fast-decaying component [see Fig. 6(b) ], in agreement with the intensity data, changes process with an activation energy of 0.15 eV (see Fig. 1 This implies that all of the excitable Er atoms belonging to this component are excited. Therefore, according to Eqs. (4) and (1), the strong decrease in the PL intensity for this component [data in Fig. 6 (a}]cannot be caused by a reduction in lifetime, but it has to be associated with a decrease in the concentration of excitable Er centers (neglecting a temperature dependence of W"d ). We can speculate that the slow-decaying site is a very shallow donor, and soon ionizes when the temperature is increased. If excitation occurs, as previously proposed, through the nonradiative recombination of an exciton bound to a neutral Er donor, ionization will inhibit the excitation of this site, as observed experimentally.
A similar argument can be made for the fast-decaying centers in the undoped sample, since these sites are also all excited at pump powers of -200 mW. Therefore the temperature quenching of this component also has to be attributed to a reduction in the number of excitable centers. Since at temperatures )150 K only the fastdecaying centers are present, this reduction is responsible for the three orders of magnitude temperature quenching observed for the undoped sample, and typically reported in literature. ' Once more, we speculate that this de- ' ' In that system it has been proposed ' ' that quenching is due to a back-transfer process of the energy.
We think that these two systems present several similarities, and that the quenching mechanism also might be similar. 
